The influence of a near-field tip on the spectral characteristics of a resonant mode of an active photonic crystal micro-cavity was investigated. The wavelength shift of the mode was theoretically and experimentally demonstrated and evaluated as a function of the nature and the position of the tip above the cavity. Experiment showed that the shift induced is ten times higher with a Si-coated silica probe than with a bare silica tip: a shift until 2 nm was reached with Si-coated tip whereas the shift with bare silica tip is in the range of the tenth of nanometer, for wavelengths around 1,55 µm. 
Introduction
Two-dimensional photonic crystals (2D-PC) provide us with an unprecedented ability to control and confine photons. They are versatile building blocks for nanooptical architectures. In particular, PC slab structures, which rely on total internal reflection for the vertical optical confinement, and the photonic bandgap effect for the in-plane confinement, play an increasingly important role in nanophotonics. When combined with defect engineering, such structures can support localized modes with small mode volumes and large quality factors [1] . When coupled to a single emitter like a quantum dot, these PC structures can be used to enhance or inhibit the dynamics of the source [2] [3] [4] , or as a source of nonclassical light [5] . The efficiency of the coupling between the emitter and the cavity depends both on the spectral matching and the spatial overlap between the cavity mode and the emitter. To address the issue of the optimal positioning of an emitter inside a cavity it is crucial to know the actual cavity mode profile on a small enough scale. For that purpose, near-field scanning optical microscopy (NSOM) has proved to be an invaluable tool as it gives us access to the mode profiles inside the cavity with a spatial resolution beyond what can be achieved with far-field techniques [6] [7] [8] [9] [10] [11] [12] . These studies showed that the near-field probing yields important information such as the local spectral response of a structure, or light intensity distribution inside a nanophotonic component. However, the potential of 2D-PC structures to foster new photonic devices would be greatly enhanced if their optical properties could be modified after fabrication. In particular, for active structures, the ability to post-tune, in a reversible way, a cavity to match the emission or absorption line of an emitter is of great interest. With devices operating at cryogenic temperatures the post-tuning can be achieved by varying the temperature of the PC device, using for instance electrical contacts [13] . Another approach consists in using the nonlinearity of another material to tune the cavity mode [14] . However, these techniques are not ideal for devices operating at room-temperature, or to achieve a local tuning that may shift the wavelength of one mode of a given cavity without affecting the others. A near-field optical microscope (NSOM) can be used to achieve this effect. Indeed it has been shown that a NSOM probe can be used to alter the modal properties of passive nanophotonic structures [15] [16] [17] [18] [19] [20] [21] [22] . These studies hinted that if the electromagnetic coupling between a near-field probe and a photonic mode can be controlled, this could open new avenues for the design of novel optomechanic photonic devices. In this paper, we study theoretically and experimentally the interaction of near-field probes with the modes of an active 2D-PC cavity. In particular, the effect of the probe material on the emission wavelength of an electromagnetic nanosource like a 2D-PC nanolaser is investigated. The use of an active device allows light generation directly in the microcavity with no need of access waveguide. Moreover, the demonstration of laser emission while tuning the cavity with a near-field probe needs to be given. After the description of the 2D-PC microcavity and its electromagnetic modes, we study, theoretically, the effect on the modes of a near-field probe placed in the vicinity of the microcavity. We then present NSOM experimental results obtained with different kinds of probes: a bare silica tip, usually used in NSOM characterization because of its minimal impact on the optical field, and a Si-coated silica tip as a more invasive probe.
Structure design and numerical simulation
We consider a linear defect nanocavity [23, 24] whose design is shown in Fig. 1 . The photonic crystal consists of a triangular array of cylindrical holes (period 420 nm and hole radius 100 nm) patterned on a thin InP slab (thickness 250 nm) positioned on top of a SiO 2 substrate The cavity is formed by introducing a linear defect (omitting 7 holes) into the 2D-PC. This defect is referred to as the LC7 microcavity. The cavity structure is designed so as to obtain several spectrally and spatially distinct modes, around 1.5µm. To achieve reasonably high quality factors, the radiation losses were minimized by engineering the holes positions at both edges of the cavity [1] . In our case, the two holes on either side of the cavity were shifted by 80nm outward. The result is an increase by up to 60 percent of the quality factor compared to unmodified microcavity. The structure was simulated using 3D finite-difference time-domain (FDTD) method with the perfectly matched layers boundary conditions. The full structure lateral size is 11µm x 11µm and consists of the crystal slab on a 2 µm SiO 2 substrate, surrounded by 2 µm of air. Computational meshes were 42 nm for x, y, and z, corresponding to 10 cells for a crystal period. The computations are initially performed without the near-field tip. They show that the microcavity supports several modes, four of them having a quality factor above 1000, the largest found being 5800. mode is mode D. The highest quality factor was obtained for this mode which is highly confined into the cavity with the intensity of the mode concentrated principally at the center of the cavity, as it is shown by the vertical cross-section cartography along the longitudinal axis of the cavity (Fig. 2.e) . The profile of the central lobe is shown Fig. 2 .f. The other modes exhibit a weaker confinement (quality factor around 1000) and different spatial distributions. This preliminary information about the distribution of light inside the cavity is essential to find which lateral positions of the near-field probe will be most efficient in inducing a change in a given mode. The tip was introduced in the simulation as a truncated cone with an apex radius of 100 nm and an angle of 30°. From the previous simulations, relevant positions corresponding to mode nodes or antinodes can be identified as Pi (i = 0. 1, 2, 3, 4, 5), as shown in Fig. 3 . Due to the mesh, the vertical tip position is set 18 nm above the surface. For three positions, namely P2, P4 and P5, the tip is above a hole and the vertical position of the tip can be reduced to 3 nm inside the hole: we defined P2 in , P4 in and P5 in as the positions inside the hole and P2 out , P4 out , and P5 out as the positions above the hole. We now consider the influence of the near-field probe on the characteristics of the mode D which presents the largest quality factor. Because of its small linewidth, a better visualization of the tip effects is expected for this mode. First, a silica tip (refractive index n = 1.44) is introduced in the computation domain at the positions described previously. Figure 4 .a shows that, for mode D, irrespective of the position of the tip, the wavelength shift does not exceed 0.4 nm. The presence of the tip always induces a red shift of the resonance wavelength. It can be easily explained as when the tip penetrates in the near-field of the PC, it contributes to increasing the optical length of the cavity. However, as the refractive index of the silica probe is rather weak, the effect remains moderate. Figure 4 .b shows the losses induced by the tip as a percentage of the losses without tip. It shows that the relative losses induced by the silica tip do not exceed 20% of the initial losses. Though the wavelength of the mode is shifted slightly, these results confirm that an uncoated fiber tip only slightly influences the mode [21] and can, by and large, be considered as a quasi-passive probe. We then conducted similar simulations with a silicon tip. The effects are much more important than for the silica probe. Figure 4 .a. shows that, depending on the tip position, the wavelength red-shift can be in the range of 1,5 to 2 nm for tip positions on antinodes. These wavelength shifts are associated with a significant increase in the optical losses (up to 700%, which means that the initial quality factor is divided by 8). Generally, for a given mode a large wavelength shift translates a strong interaction between the probe and the PC, and thus corresponds to large scattering losses. The simulation results also illustrates that the lateral positioning of the tip on a node has less influence than on an antinode, as expected. The silicon tip at position P3 induces the smallest shift (around 0.2 nm with a 70% increase in scattering losses). This is expected as the mode intensity is very weak at P3. The largest shift and the strongest losses are observed when the tip is above an antinode of the mode and penetrates inside a hole of the 2D-PC (P2 in ). Position P2 in induces a shift of 2.2 nm with an increase in losses by up to 700%. The relative shift for a lateral translation from position P3 to P2 in is 2 nm. The second position with the highest influence is P0 with a relative shift of 1.2 nm from P0 to P3.
Experimental configuration
The InP slab is 250 nm thick, has a refractive index of 3.17 at 1.55 µm and supports only one guided mode around that wavelength. Four InAsP quantum wells (QW), separated by InP barrier layers, are grown at the center of the InP slab. The photoluminescence from the QWs occurs between 1250 nm and 1650 nm. This heterostructure is wafer-bonded onto a 1 µm thick SiO 2 layer on top of a silicon host substrate. Compared to photonic crystal cavities fabricated in membranes, this approach yields a better heat sinking and a higher mechanical stability of the structure. The PC is prepared by drilling a triangular lattice of air holes in an InP slab using e-beam lithography and reactive ion etching [25, 26] . The NSOM experimental set up has been described in previous work [12, 27] . The probe is a chemically etched single mode optical fiber at 1.55µm, with a core diameter of 9µm. The tip apex diameter is around 200 nm with a cone angle of 30°. For the high index tip, the bare silica tip is covered by 50 nm of silicon by e-beam assisted physical vapor deposition. The NSOM is working in collection mode: the tip collects the photoluminescence (PL) in near-field at the surface of the sample. The PC structures are optically pumped at 780 nm with a pulsed laser diode (with a 10% cyclic ratio) and modulated at 2 kHz. The pump beam is focused on the structure with a long work distance objective. Because of the angle of incidence, the pump spot at the surface of the crystal is elliptic with an approximate size of 7µm by 9µm. The photoluminescence signal is collected by the near-field probe and guided to a monochromator (1 nm resolution). A long pass filter is used to eliminate the pump (cutoff wavelength at 1200 nm). The signal is detected with a thermo-electrically cooled InGaAs photodetector. A lock-in amplifier is used to demodulate the signal and enhance the signal to noise ratio. The fiber is attached to a piezoelectric tuning fork setup which allows a shear-force feedback loop to regulate the distance between the tip and the sample (typically between 5 and 15 nm). In this configuration, topographic and photoluminescence images are recorded simultaneously.
Results and discussion
The sample was first characterized with the bare silica probe. Figure 5 .a and Fig. 5 .c show topographies of two LC7 cavities with different parameters: respectively structure X (a = 458 nm and ff = 0.28) and structure Y (a = 460 nm and ff = 0.29) that have similar structure parameters. On those figures, the cavities and the holes of the 2D-PC are clearly visible. Figure 5b and Fig. 5.d show the mode D recorded at 1576 nm for the structure X and 1584 nm for the structure Y. Laser emission is achieved with both modes. The wavelength difference can be explained by non-discerned defects in the structure parameters. We note that in both cases the resolution of the optical map is about λ/6. The near-field maps show a spatial pattern similar to the numerical simulation of mode D. A study over 20 structures shows that if parameter variations due to fabrication modify the resonant wavelength, they do not perturb the spatial distribution of the mode and the laser emission achievement. For each structure the mode D cartography are well reproducible as illustrated on Fig. 5 .b and 5.d. Cavity X was chosen to study the influence of the tip. Figure 6 shows two local near-field spectra recorded on cavity X for two positions of the silica tip: P0 and P3. Depending on the tip position, the local spectrum is different. Mode B (at 1531.5 nm) is clearly detected when the tip is at the position P0 and less visible when the tip is at the position P3. Inversely, mode C (at 1565 nm) is detected at P3 and slightly visible when the tip is at P0. The spectra of Fig. 6 .b. show that the intensity of the mode D in P0 is 40 times higher than in P3. No wavelength shift is detected by our set up. The laser peak at Full Width at Half Maximum (FWHM) is 2 nm limited by the resolution of the NSOM set-up. Prior to NSOM measurements, the intrinsic linewidth of the wavelength laser peaks were measured with a farfield refractive optical setup and estimated to be less than 0.2 nm (Inset Fig. 6.b) . If a shift is induced by the silica tip, calculations showed that it should be in the range of the intrinsic linewidth of the laser peak, which is beyond the resolution of our set-up. The silica tips may shift slightly the resonance wavelength but the effect is moderate, for the range of the linewidth of the laser peak. Because the impact of the silica tip is weak, this type of probes is acceptable to quasi-passive characterization [12, 27] . Fig. 7 . Influence of NSOM Si-coated tip position on the microcavity resonance wavelength. On the spectra, y axis represents the intensity with a logarithmic scale (a) Near-field spectra above the cavity with several tip position (b) Zoom on the peak at 1578 nm which has the highest intensity NSOM characterizations were made on the same structure (X) with a high refractive index probe, i.e. a silica probe coated by 50 nm of silicon. Figure 7 shows near-field spectra above the cavity at the previous tip positions: P0 and P3. Because laser emission is still achieved, the FWHM is limited, as before, by the resolution of the NSOM set-up. As expected, the mode D is sensitive to the tip position: a wavelength shift as far as 2 nm is observed depending on the tip position (Fig. 6.b) . The resonance is tuned from 1576.5 nm to 1578.5 nm between P3 and P0. This shift is ten times higher than the intrinsic linewidth of the mode. As predicted by the simulations, the position P0 induces a highest wavelength shift than P3, however this value is in agreement with the theoretical prediction.
Conclusion
To conclude, the effect of bare silica and Si-coated silica probes on an active 2D-PC structure was investigated. On the one hand, the silica tip induces wavelength shifts in the range of 0.1 nm, which was not detected by our set-up. The impact of the probe, though not negligible, is weak which is still compatible with a passive characterization, especially for low quality factor modes with linewidth in the range of few nanometers. On the other hand, the siliconcoated tip induces a shift in the range of a few nanometers, from 5 to 10 times higher than the intrinsic linewidth of the peak. These theoretical and experimental results illustrate the potential of this concept for the reversible tuning of the wavelength of an active photonic device like a microlaser. In the future, this concept could be exploited to control the efficiency of quantum photonic devices including single QDs and photonic nanocavities.
